Nanostructured hydroxyapatite (HA) functionalized with poly(ethylene glycol) (HA-g-PEG) of di erent molar mass was used as a thermal stabilizer to prepare polyoxymethylene (POM) composites by a melt processing method. e chemical and crystalline structure of (HA-g-PEG) and POM/HA-g-PEG composites was investigated by means of FTIR and XRD. e thermal properties, degree of crystallinity, and melting behaviour of POM-based composites were analysed with TG, DSC, and TOPEM DSC methods. e tensile strength, Young's modulus, toughness, and wettability of POM were investigated as well. A preliminary assessment of bioactivity, in vitro chemical stability, and formaldehyde release from POM/HA-g-PEG composites by Schi 's test was also performed. An SEM/EDX method was used to observe the morphology of POM/HA-g-PEG composites. e results indicate that the addition of 1% HA-g-PEG slightly increases the melting temperature and degree of crystallinity. In small amounts, HA-g-PEG particles probably act as nucleating agents for the POM crystallization process. Incorporation of 5% HA-g-PEG to POM caused a decrease in the crystallinity of the polymer matrix, as a result, some mechanical properties of POM/HA-g-PEG composites also decreased. e thermal stability of POM/HA-g-PEG composites improved signi cantly from 309°C for unmodi ed POM to 342°C for POM/10.0% HA-g-PEG 600. e most e ective thermal stabilizer was synthesized with the lowest mass-average molar mass PEG. e in vitro bioactivity test con rmed that, as the average molar mass of PEG in HA-g-PEG hybrids increased, POM-based composites indicated higher bioactivity. e in vitro chemical stability analysis results showed that both the POM matrix and the HA-g-PEG additive remain stable during the whole incubation time. Importantly, a er seven days of dynamic incubation, no formaldehyde was detected in all ltrates, which is crucial in biomedical applications, among others.
Introduction
Polyoxymethylene (POM), also known as acetal resin or polyformaldehyde, is an engineering polymer with a vast spectrum of applications that require high tensile strength and hardness, low coe cient of friction, and excellent dimensional stability [1, 2] . It has been used in di erent areas, including the automotive and mechanical industries, electronics, consumer goods, home appliances, and also in medical technology as a surgical implant material and in medical devices and drug delivery systems [3] . POM's molecular structure consists of a repeating carbon-oxygen linkage [-CH 2 -O-] n [4] . Acetal that exclusively contains the carbon-oxygen (C-O) bonds in the backbone chain is called a POM homopolymer in contrast to a POM copolymer where some comonomer units (CH 2 -CH 2 -O) occur in the main chain [5] . POM copolymer has increased thermal and chemical stability, but a lower degree of crystallinity due to the C-C bond presence. erefore, its mechanical strengths, hardness, rigidity, and melting temperature are slightly lower than for POM homopolymer [6, 7] . POM homopolymer is based on the polymerization of 1,3,5-trioxane, whereas POM copolymer is manufactured by the copolymerization of 1,3,5-trioxane with cyclic ethers e.g., 1,3-dioxolane or ethylene oxide [8] . POM can be processed using all methods applicable to thermoplastics, such as extrusion, injection-moulding, and blow-moulding [9] .
Despite very good mechanical and tribological properties [10, 11] , POM exhibits poor thermal stability due to fast, unstoppable thermal depolymerisation reactions [12, 13] . A certain amount of formaldehyde can be released from the overheated material [6, 14] . As a result, its range of applications, in particular those in contact with living tissue, is strongly limited. To increase the thermal stability of POM di erent methods can be used. e stability of POM can be improved by copolymerisation to obtain C-C linkages at the expense of partial mechanical strength loss. Another method is capping the end groups of POM chains by esteri cation or etheri cation. Antioxidants, formaldehyde scavengers, and other thermal stabilizers can also be added to the POM [15, 16] .
Some attempts towards POM thermal stability enhancement have been described in the literature. For example, Hu et al. [17] studied the in uence of polyamide (PA) and melamine (MA) complexes on the thermal stabilization of POM copolymer. ey found that the complex stabilizer PA/MA is more e cient than the use of these formaldehyde scavengers separately. e thermal stability of POM was about 274.8°C ( 5% ) with PA/MA in the ratio of 0.4/0.04 wt.%. Wacharawichanant et al. [18] investigated the e ect of zinc oxide (1-8 wt.%) on the thermal properties of POM. ey observed a signi cant increase in the thermal stability of POM, as much as 20°C ( 5% = 320.0°C for 6 wt.% ZnO). Zhao et al. [19] manufactured a new kind of POM copolymer, based on trioxane and styrene oxide or dioxolane, with improved thermal stability. ey found that 0.6 mol% styrene oxide comonomer can substantially improve the thermostability of POM ( 5% = 191.74°C). However, the styrene oxide presence in the POM structure results in a decrease of crystallinity. Consequently, the mechanical strength of the new POM copolymer was also impaired. Improvement of POM thermal stability was also observed by Meri et al. [20] in POM nanocomposites containing ethylene octene copolymer (EOC) and plasma synthesized tetrapod shaped zinc oxide (ZnO).
POM has been widely used in di erent long-term orthopaedic applications like hip and knee prostheses [21] . To improve biocompatibility and bioactivity of POM-based implants POM/HA nanocomposites have been investigated in our previous works [22] because hydroxyapatite ([Ca 10 (PO 4 ) 6 (OH) 2 ] (HA)) is a bioceramics which is chemically similar to human inorganic hard tissue [23] and can be easily modi ed by functionalization [24, 25] . However, the main problem of POM/HA nanocomposites was the degradation of POM matrix in the presence of HAp during melt processing. To improve POM thermal stability and to enable incorporation of larger amounts of HA, we decided to modify HA by the gra ing process of PEG on its surface using diisocyanate as a coupling agent. Using such modi cation hydroxyl groups on HA surface have been replaced by urethane groups linked to PEG, and catalytic activity of hydroxyl groups on POM decomposition process has been reduced [26] . Using such modi cation it is possible to incorporate higher amounts of HA to POM matrix making them more bioactive than unmodi ed POM, that is highly desired for long-term bone implants.
In our previous study (Pielichowska et al. [25] ) we used chemically modi ed hydroxyapatite (HA) as a thermal stabilizer for POM copolymer. HA was functionalized with poly (ethylene glycol) (PEG) with a molar mass of 2000 and 1, 6-hexamethylene diisocyanate (HDI) as a coupling agent in an HA : HDI : PEG molar ratio of 2 : 2 : 1 and incorporated into the POM matrix by the extrusion method. e thermal stability of POM was increased by 19°C ( 5% = 347°C-1 wt.% HA-g-PEG 2000) and 32°C ( 5% = 360°C-5 wt.% HA-g-PEG 2000). Now we investigate the in uence of the molar mass of PEG (600, 2000, and 6000) under the HA : HDI : PEG molar ratio of 1 : 2 : 1 on the e ectiveness of HA-g-PEG hybrids as thermal stabilizers for POM copolymer and on the other properties of composites, especially those related to further biomedical applications. 
Experimental

Gra ing Process of HA-g-PEG and
Processing of POM/HA-g-PEG Composites. e gra ing process via a twostep addition reaction, and processing of POM with HA-g-PEG additive through twin-screw extrusion/injection moulding, were performed according to the procedure described in ref. [25] and as it is presented in Figure 1 . Molar ratio of substrates HA : HDI : PEG was 1 : 2 : 1 ( Table 1) to keep the balance between the inorganic HA ller and the biocompatible PEG component. Samples containing 0, 0.5, 1.0, 2.5, 5, and 10.0% w/w of HA-g-PEG (calculated in relation to pristine HA) have been obtained in dumbbell shape.
Techniques.
Fourier transform infrared (FTIR) spectra of POM/HA-g-PEG composites and HA-g-PEG powders were taken using an HATR PIKE attachment with diamond crystal and in KBr pellets, respectively, and a Bruker Vertex 70 V FTIR spectrometer. All measurements were performed in the range of 4000-400 cm −1 with 2 cm −1 resolution at room temperature.
Wide angle X-ray di raction (WAXD) experiments were performed at room temperature using a Philips X'Pert Pro MD di ractometer with monochromatic CuKα 1 radiation monochromatized by Ge (111) monochromator. Data were collected in Bragg-Brentano geometry with a 2θ scanning range from 15-60° and 0.008° step size. e degree of crystallinity [ ] for HA and HA-g-PEG systems were calculated using the equation:
where: [%] is the degree of crystallinity of HA, 300 is the intensity of (300) di raction peak, and 112/300 is the intensity of the hollow between (112) and (300) di raction peaks of HA [27] . e crystal size of HA and HA-g-PEG systems was calculated using a Debye-Scherrer equation:
where: [nm] is the particle size, is the broadening constant ( = 0.9), is the wavelength of CuKα radiation ( = 0.15406 nm), is the peak width at half height, represents the peak position. e crystallite size was measured for the (002) re ection peak because this Miller index corresponds to the -axis length [28] .
DSC curves were recorded using a DSC1 (Mettler-Toledo) operating in dynamic mode. DSC measurements were performed in accordance with ISO 11357-3:2009. e samples (~5 mg each) were placed in 40 l pierced aluminium pans.
An empty pan was used as a reference. A heating/cooling rate of 10 K/min and a nitrogen atmosphere ( ow of 30 ml/min) were applied. e degree of crystallinity ( ) of each sample, calculated in relation to pure POM, was determined using Equation (3): where: Δ is the heat of fusion determined from the DSC curves, Δ 0 is the heat of fusion of 100% crystalline POM (Δ 0 = 326.3 J/g) [29] and is the weight fraction of HA-g-PEG in the POM composites. e temperature-modulated di erential scanning calorimetry with stochastic temperature modulations (TOPEM-DSC, Metler-Toledo) was also applied. e conditions for TOPEM measurements were: 1 K amplitude, 15-30 s switching time, and 2 K/min underlying heating rate.
TG measurements were carried out on a Netzsch STA 449 Jupiter thermogravimetric analyser at a 10 K/min heating rate in a nitrogen atmosphere (50 ml/min N 2 gas ow rate). e temperature range was 25-600°C. e samples (ca. 8 mg) were placed in Al 2 O 3 crucibles. From the TG curves, the temperatures of 3, 5, 10, 20, and 50% mass loss were determined ( % -where is percent of mass loss). e tensile tests were performed on a Zwick-Roell universal testing machine with a 50 mm/min crosshead speed (according to ISO 527) at room temperature. Injection moulding technique was applied to shape the samples for tensile testing according to ISO 3167 standard. ree samples in the shape of a dumbbell (1.97 mm ± 0.02 mm in thickness and 4.85 mm ± 0.05 mm in width) were tested for each composite composition. Values of Young's modulus ( ) and ultimate tensile strength ( ) were taken from stress-strain pro les. On Advances in Polymer Technology 4 the basis of the area under the stress-strain curve, in accordance with Equation (4), the toughness, as the amount of energy that was absorbed per unit volume (energy density) of material until break, was calculated.
where: is the energy density, is the strain at fracture, is strain, and is stress. e water contact angles of sample surfaces were measured on a DSA 10MK2 (Kruss, Germany) contact angle goniometer by the sessile drop method at ambient temperature. 0.2 μl ultra-high quality (UHQ) deionized water droplets were put on the sample surface. Ten data points were collected at ten di erent positions on the sample surface and the average values were calculated. e microstructure of the composites was observed using a FEI Nova Nano SEM 200 scanning electron microscope (SEM) equipped with energy dispersive X-ray (EDX) analyser (EDAX Company) at 5 kV electron beam energy. All samples were coated with a carbon layer just before the measurement.
POM/HA-g-PEG composites were soaked in a 1.5x concentrated simulated body uid (SBF) at 37°C for 21 days; the sample mass to SBF volume ratio was 1 : 10. e SBF solution was changed every 3 days. en, the samples were removed from the SBF, so ly rinsed with distilled water, and dried. A er SBF incubation, the sample surface was examined by SEM-EDX.
Unmodi ed POM and POM/HA-g-PEG 600 specimens were incubated at 37°C according to EN ISO 10993:13 for 12 weeks in Ringer uid (RF) and phosphate-bu ered saline (PBS) solutions. e pH, conductivity, and mass changes were assessed during the incubation.
Schi 's reagent was applied to detect formaldehyde release from POM/HA-g-PEG 600 composites during the incubation in distilled water at 37°C for 4 weeks. e sample mass to water volume ratio was 1 : 10. e water was changed every 24 h and
Schi 's test was performed a er 1, 21, and 28 days. During Schi 's test, the water was decanted into test tubes, 3 drops of Schi 's reagent were added to every test tube and the solutions were mixed well. Distilled water was used as a reference sample. e changes in the solutions' colour were monitored and photographed.
Results and Discussion
FTIR and XRD Analysis of HA-g-PEG.
e chemical structure and functional groups of pristine HA and HA-g-PEG systems were analysed using FTIR spectroscopy. e FTIR spectra of HA and HA-g-PEGs are shown in Figure 2 (a). In the FTIR spectrum for unmodi ed HA, the bands at 3571 cm −1 and 632 cm −1 are associated with O-H groups stretching and the liberation vibrations of HA nanoparticles, respectively. A broad band in the 3550-3250 cm −1 range is related to absorbed water in the sample. Absorption bands at 1150-900 cm −1 and 620-500 cm −1 are due to the vibration of PO 3− 4 groups. For all HA-g-PEG systems absorption bands at 3330 cm −1 , connected with the N-H urethane stretching vibration, is observed [30] .
ere are also two absorption bands from CH 2 groups at about 2930 and 2860 cm −1 . e absorption bands at 1725 and 1630 cm −1 are due to the vibration of C=O (carbonyl) groups in urethane bonds (I amide absorption band). e band at around 1585 cm −1 corresponds with N-H stretching vibration in urethane groups (II amide absorption band). e band at 1253 cm −1 is consistent with C-N stretching vibrations (II amide absorption band) [31, 32] . e bands in the 1150-950 cm −1 range from the ether C-O-C groups from PEG [33] are covered with bands related to PO 3− 4 groups from HA [34] , but the bands in this range are broader than for pristine HA.
For all HA-g-PEG samples, all components of the urethane bond are visible in the FTIR spectrum in accordance with the literature [35] . e lack of an -N=C=O (isocyanate) absorption band at about 2260 cm −1 con rmed a total conversion of HDI with -OH groups; as a result, urethane bonds (-NH-CO-O-) were created. Based on the obtained results, it can be assumed that the gra ing process of PEG using HDI as a coupling agent has been successfully performed.
Additionally, the XRD di raction measurements for pure HA and HA-g-PEG were performed and the results are shown in Figure 2 (b). e XRD pattern of pure HA includes all characteristic peaks corresponding to stoichiometric HA [36] . e di ractograms of all HA-g-PEG samples did not reveal any extra peaks. However, as compared to pure HA, the HA-g-PEG's di raction peaks were slightly out of phase and the size of peaks was subtly changed. Data from XRD patterns were recalculated using Equations (1) and (2) to yield crystallinity of samples and the crystal size of HA- Table 2 . e crystallinity of HA was reduced for all modi ed samples by up to 15.48% for HA-g-PEG 6000. e crystal size of modi ed samples increased from 8.5% (for HA-g-PEG 6000) to 35% (for HA-g-PEG 2000). ese results suggest that the gra ing process of PEG on the HA surface strongly a ects the crystallographic structure of stoichiometric HA. e unit cell size of modi ed HA was expanded, but there were no extra crystallographic planes in the HA unit cells. Considering the crystal size of the HA-g-PEG samples, the results proved that the modi ed HA still remains in the form of nanoparticles. Similar e ects were observed by Li et al. [37] where a er modi cation of HA by strontium a decrease in the HA crystallinity and expansion of crystal size have been observed. In case of HA-g-PEG, such e ects can be connected to incorporation of polymer chains to HA crystal lattice. In HA-g-PEG systems, the amount of organic phase (as determined from TG) was 22.3, 24.1, and 17.1% for PEG 600, 2000, and 6000, respectively. Such results suggest that smaller amounts of chemically surface-bonded polymer chains allows other chains to be incorporated into HA structure, while larger amounts of polymer chains on HA surface hinder further incorporation and, in consequence, changes in HA di raction parameters are lower.
TG/DTG Studies of POM/HA-g-PEG Composites.
e thermal stability of POM/HA-g-PEG composites was investigated using TG methods, and TG and DTG ( rst derivative of TG) curves are shown in Figure 3 . In addition, characteristic temperatures of weight loss ( 1−50% ) and ) are presented in Table 3 .
In comparison to pristine nanohydroxyapatite (nHA), which strongly catalyses the thermal decomposition of POM by up to 30°C [22] , the addition of HA gra ed with PEG (HA-g-PEG) contributed to the signi cant improvement of POM thermal stability, similar to what was observed for HA functionalized with a molar ratio 2 : 2 : 1. HA contains in its structure both acid and basic sites in a single crystal lattice [38] [39] [40] . In our studies, stoichiometric HA has been applied with molar ratio of Ca/P 1.67. It is known from literature that stoichiometric HA possesses mainly basic sites [41] . On the other hand, POM is very sensitive to heat and in the presence of acids and bases easily undergoes depolymerisation to formaldehyde. In the functionalization reaction of HA we have performed, the number of basic active sites on HA surface has been reduced by the reaction between HA hydroxyl groups and isocyanate groups with formation of urethane groups. Additionally, urethane bonds that were formed contain nitrogen atoms just like other commercially available POM heat Advances in Polymer Technology 6 
stabilizers, such as polyamides, aromatic amines, and dicyandiamines [8] . In consequence, reduction in the number of hydroxyl groups and incorporation of nitrogen atoms lead to remarkable improvements in POM thermal stability that broadens the application eld of this important engineering polymer.
As seen in the TG data, for 3% HA-g-PEG in POM composites, a thermal stability improvement ( 3% ) from 15.8°C for 10% HA-g-PEG 2000 to 37.7°C for 10% HA-g-PEG 600 was observed. Generally, for HA functionalized with PEG 2000 at a molar ratio of 2 : 2 : 1, improvement in thermal stability was higher (ca. 30°C for 10% HA-g-PEG 2000 [25] ) compared to HA functionalized with a molar ratio of 1 : 2 : 1, where improvement in thermal stability was 23.9°C for 10% HA-g-PEG 2000. However, the best results were found for HA functionalized with PEG 600 at a molar ratio of 1 : 2 : 1. A strong relationship between the average molar mass of PEG and the e ciency of HA-g-PEG additive was observed. e shorter the chains of PEG used, the higher the thermal stability of the POM composites was achieved. is e ect is probably the result of the higher PEG chain mobility that leads to a more e cient graing process and reduction of hydroxyl groups in HA by the reaction of -OH groups with isocyanate groups from HDI with the formation of urethane bonds on the HA surface. Moreover, in the synthesis reaction of HA-g-PEG, when PEG of lower molar mass (600) is used, the mixture is less viscous due to a modest amount of PEG (see Table 1 ) and the PEG chains are more mobile. erefore, they can more easily react with other compounds and more -OH groups can be substituted-as a result, the HA-g-PEG thermal stabilizer is more e ective. us, the e ect of heat stabilization by nitrogen-containing HA-g-PEG can be intensi ed.
DSC and TOPEM-DSC Results of POM/HA-g-PEG
Composites. POM/HA-g-PEG composites, that were manufactured using melt processing techniques such as extrusion and injection moulding, were characterized by DSC (Figure 4(a) ). Temperatures of phase transitions (1st and 2nd melting, crystallization) and the values of the corresponding heat of phase transition are collected in Table 4 . Based on the DSC results, the degree of crystallinity of the POM matrix in composites and supercooling of composites was calculated and correlated in Table 4 .
ere is very little impact of HA-g-PEG additives on the shape of DSC curves, the melting point temperature, the degree of crystallinity, and supercooling. Moreover, no significant in uence of PEG average molar mass on the phase behaviour of POM composites was observed. Additionally, when comparing the obtained results to results of POM/HApg-PEG 2000 gra ed at the HAp:HDI:PEG molar ratio of 2 : 2 : 1 [25] , no in uence of substrate ratio on melting and crystallization behaviour of POM composites can be found. e melting temperature of POM/HA-g-PEG composites decreased by 1-2°C, except for POM/1.0% HA-g-PEG 600, where an increase of 1.5°C was detected. For the second melting run, the melting temperature decreased by ca. 0.3-0.8°C. e addition of HA-g-PEG in composites alters the crystallinity of the POM matrix (a decrease of 1%). Only for the composite containing 1% HA-g-PEG 6000 was an increase of 0.8% in POM crystallinity detected. Furthermore, a slight decrease by ca. 1-3°C of supercooling of all composites was observed, which con rms the nucleating e ect of additives on POM crystallization. ere was a lack of melting peak in the range 15-70°C corresponding to PEG melting for all three PEG components. is indicates that PEG was chemically bonded in an organic-inorganic HA-g-PEG compound, so the mobility of PEG chains was strongly limited and as a result, PEG crystallization was hindered. ere was only one maximum in the melting peak, both in the rst and second runs in contrast to our previous study, where pure HA was added to the POM matrix [22] . is can indicate that HA-g-PEG systems a ect the lamellar thickness of POM crystals.
To obtain more information about the thermal behaviour of POM/HA-g-PEG composites TOPEM DSC was applied. TOPEM DSC pro les (total heat ow is presented in Figure  4 (b)) were separated to reversing (Figure 4(c) ) and nonreversing (Figure 4(d) ) heat ow. As it can be seen from the TOPEM DSC traces, melting transitions, are found at significantly lower temperatures than those of the classical DSC.
is phenomenon was also observed by other researchers [42] and can be attributed to lower heating rates that are required in modulated DSC measurements. For unmodi ed POM, one melting peak is visible in total heat ow, whereas on the nonreversing curve, a minor exothermic peak ascribed to the recrystallization of less ideal POM crystals can be observed. For composites containing HA-g-PEG, a double melting peak in the total heat ow curve is present. It can be clearly seen that maximum melting peak depends both on the PEG average molar mass and HAp-g-PEG content. With an increase in PEG molar mass and HA-g-PEG content, the maximum peaks were shi ed to higher temperatures, and the highest temperatures were observed for POM modi ed with 5% of HA-g-PEG 6000. is e ect can be attributed to the highest crystallization ability of PEG 6000 compared to PEG with lower molar mass, and better a nity of longer PEG chains to embed in the crystal structures of POM. is can be con rmed by the lower recrystallization e ect for composites with HA-g-PEG 6000 in TOPEM nonreversing heat ow pro les and the highest degree of crystallinity of POM/ HA-g-PEG 6000 composites. Along with an HA-g-PEG content increase, a stronger recrystallization e ect and complete melting processes are detected in nonreversing curves, especially for 5% HA-g-PEG 600 and HA-g-PEG 2000. e two melting peaks are probably associated with melting of dysfunctional POM crystals that were disturbed by HA-g-PEG with shorter PEG chains. Similar e ects were observed for polyurethane (MDI-PEG-BDO) samples modi ed with graphite nano ller [43] .
XRD and FTIR-ATR Results of POM/HA-g-PEG
Composites. Figure 5 show the XRD patterns of unmodi ed POM, POM/1.0%HA-g-PEG, and POM/5.0%HA-g-PEG composites.
As can be seen, for all samples there are ve characteristic XRD peaks that are located at 2θ of approximately 22.8°, 34.3°, 40.0°, 48.0°, and 53.8°. ese peaks were assigned to (100), Advances in Polymer Technology 8 (105), (110), (115), and (205) re ections of POM hexagonal crystals, respectively. e crystal structure of all samples was con rmed with XRD and it was consistent with XRD patterns for POM that are available in the literature [9, 44, 45] . For composites containing 5% of HA-g-PEG, peaks derived from HA start to show up at 25.9° (002), 29.2° (210), 31.7° (211), 32.1° (112), 32.8° (300), 46.5° (222), and 49.5° (213) which is in accordance with XRD patterns for HA-g-PEG (Figure 2(b) ). In Figure 5 , the di raction intensity of the (100) plane is plotted closely. Both HA-g-PEG content and the molecular mass of PEG in uence the size of this peak by decreasing its intensity. is indicates that the crystallinity of POM composites decreases as the amount of modi er increases and the molar mass of PEG that was used in the HA-g-PEG system increases, which is consistent with the DSC results (Table 4 ). e FTIR-ATR spectra and the second derivative of the FTIR-ATR spectra of POM/HA-g-PEG composites are presented in Figure 6 . e group of two bands at 2981 cm −1 and 2923 cm −1 , that are not included in Figure 6 , arises from symmetric stretching vibrations ( ) of CH 2 groups. e band at 1469 cm −1 is attributed to CH 2 bending vibrations ( ). e 1383 cm −1 band is assigned to the wagging of CH 2 groups. e medium band at 1236 cm −1 can be ascribed to the twisting of CH 2 groups. e strong absorption bands at 1089 cm −1 and 891 cm −1 and the weak band at 1136 cm −1 are attributed to the asymmetric stretching and the band at 933 cm −1 is due to the symmetric stretching of C-O-C groups. e O-C-O bending vibration peak appears at 630 cm −1 [46] . No changes in the FTIR band position for all composites were detected. Additionally, for samples containing 5% HA-g-PEG, the 602 cm −1 and 567 cm −1 bands, arising from PO 3− 4 asymmetric bending, were detected. As is known, the most common crystallographic form of POM is a hexagonal system, which consists of a 9/5 helical conformation, and it is the most stable form in terms of saving energy. In some speci c conditions, POM can create orthorhombic crystals that are made up of 2/1 helical molecules. e typical hexagonal morphology of POM is usually a hybrid system which contains both folded chain crystals (FCC) and extended chain crystals (ECC). Although it is possible to separate bands from EEC and FCC based on IR spectra, these bands can overlap, and they may become indistinguishable. According to the literature [47] , there are only two bands that are strongly related to only one kind of crystal morphology: the band at 1136 cm −1 that belongs only to FCC and band at and 891 cm −1 which is the vibrations of only an ECC structure. e other bands (1236 cm −1 , 1089 cm −1 , 933 cm −1 , and 630 cm −1 ) come from the vibrations of both FCC and ECC crystal structures.
Mechanical Properties of POM/ HA-g-PEG Composites.
e tensile mechanical properties of POM/HA-g-PEG composites are presented in Figure 7 . e tensile strength of the POM composites was slightly reduced with increasing HA-g-PEG.
e tensile strength (Figure 7(a) ) decreased from 4.0% (1% HA-g-PEG 2000) to 16 .3% (10% HA-g-PEG 2000) against the unmodi ed POM. e Young modulus (Figure 7(b) ) of POM/HA-g-PEG composites also tends to decrease with increasing HA-g-PEG content. e samples containing from Advances in Polymer Technology 10 0.5-1% HA-g-PEG 2000 are an exception to this rule, and for these samples, the Young modulus is almost the same as for unmodi ed POM (the di erence is from ~0.1-0.3%). is e ect can be explained by the higher crystallinity of composites with lower additive content. e greatest loss in Young modulus, ~24.5 %, was detected for samples containing 10% HA-g-PEG 2000. ere was no signi cant impact of HA-g-PEG on elongation at break up to 2.5% concentration of additive. HA-g-PEG 6000 contributed to the biggest decrease in by decreasing the value of elongation at break by ~22% for a 10% HA-g-PEG 6000 load.
Compared to HA functionalized with PEG 2000 at a molar ratio of 2 : 2 : 1, better mechanical properties were found for HA functionalized with PEG 2000 at a molar ratio of 1 : 2 : 1. Based on the area under the stress-strain curves presented in Figure 7(d) , the toughness of composites as the amount of energy a composite can absorb before fracture was calculated and is shown in Figure 8 . e measurements of the wetting angle of POM/HA-g-PEG composites in Figure 9 show quite a signi cant in uence of the hybrid additive on POM wettability. e contact angle of unmodi ed POM was 75.6° ± 1.5°, which is a characteristic value for POM [46, 48] . Changes in POM wettability depend on the molar mass of PEG and its content in composites. For HA-g-PEG 600 there is only a minor decrease in POM wettability. For HA-g-PEG 2000, the biggest wettability increase, up to 8.5% higher than for pure POM for POM/1.0% HA-g-PEG 2000, is observed. By contrast, POM/HA-g-PEG 6000 composites are characterized by the lowest wettability, up to 14.7% lower than for unmodi ed POM.
Generally, a POM surface is considered as amphoteric (hydrophobic/hydrophilic), as the contact angle value is between 45° and 90° [49] . Some changes in POM wettability are caused by di erent con gurations of POM chains. If the oxygen atoms in POM chains are exposed on the top of the surface, it becomes more hydrophilic. If oxygen atoms face e addition of HA-g-PEG in uenced the toughness of composites. Apart from HA-g-PEG 2000, the toughness of POM composites decreased with an increase in HA-g-PEG concentration. erefore, the modi ed samples became more brittle; they broke much faster and the elongation was significantly smaller. Changes in mechanical properties of POM/ HA-g-PEG composites are caused by changes in POM crystallinity due to the HA-g-PEG additive, which can disturb the formation of POM crystals, but can also act as a nucleating agent. erefore, HA-g-PEG presence in POM can aid the growth of smaller crystals and strongly a ect the kinetics of crystallization. ere is also a strong relation between DSC studies and the mechanical test. Along with the degree of crystallinity increase, there is a proportional increase in elongation at break of composites.
3.6. Wetting Properties of POM/HA-g-PEG Composites. As POM is characterized by high lubricity, the HA-g-PEG in uence on the wettability of POM surface was investigated. particles is observed. e composites can be treated as a heterogeneous compatible inorganic-organic mixture. For PEG-gra ed HA particles with a higher molar mass of PEG, the POM surface became rougher and more cavities are found in the SEM micrographs. is e ect is strongly associated with changes in the crystallinity of POM composites that was con rmed by DSC analysis (see Table 4 ). Mechanical studies also con rmed that the samples became more brittle when the molar mass of PEG in an HA-g-PEG system increased. Apart from the SEM study, a single point EDX analysis of POM/HA-g-PEG composites was performed and the results are presented in Figure 11 . e EDX spectra of POM (2, 4, 6) exhibit peaks for only C and O, which are the major components of POM. For the HA-g-PEG particles (1, 3, 5), a peak for P and two peaks for Ca that come from HA are also observed. e intensity of oxygen bands in comparison to carbon peaks is also much higher than for pure POM.
SEM/EDX Analysis of the Surface of POM/HA-g-PEG Composites a er Incubation in SBF (3 Weeks).
e surface morphology of POM/HA-g-PEG composites a er three downward, the surface con guration is more hydrophobic [50] .
is can cause di erent values of wettability on the POM surface. Furthermore, PEG presence in POM composites can a ect the POM wettability. Although the POM -(CH 2 -O) n -and PEG -(CH 2 -CH 2 -O) n -chemical formulas are very similar, PEG chains have the same con guration regardless of chain side. erefore, the PEG surface is very consistent and the di erences in PEG wettability are minimal. is makes PEG a hydrophobic, water-soluble polymer in contrast to the more hydrophobic, water-insoluble POM. erefore, PEG acts as an extra lubricant for POM composites by improving the hydrophilicity of their surfaces just as HA does [51] . us, some increase in POMbased composite wettability can be associated with changes in the POM chain arrangement due to an HA-g-PEG presence, as well as being caused by the presence of PEG itself.
SEM/EDX Analysis of Cryogenically Fractured
Surfaces of POM/HA-g-PEG Composites. SEM micrographs of cryogenically fractured surfaces of POM and POM/1.0% HAg-PEG composites are presented in Figure 10 .
HA-g-PEG particles ranged in size 25-35 μm. A tight connection between the POM matrix and all HA-g-PEG HA. In our previous work it was found that the possibility of incorporation of higher amounts of HA to POM matrix is limited by the degradation of POM matrix that also limits bioactivity enhancement [22] . A er HA functionalization no weeks immersion in SBF was examined by SEM/EDX and is presented in Figure 12 . Unmodi ed POM is a bioinert material a er incorporation to human body, but its bioactivity can be -improved by the incorporation of bioactive compounds like 12(d) -12(e)) was covered with ne apatite crystals, below 5 μm in diameter. e POM/HA-g-PEG composite surface was still not completely covered by the single layer of closegrained apatite crystals. e Ca/P ratio for apatite on the POM/ HA-g-PEG 600 composite decreased to 1.47 at.% (1.90 wt.%). In the POM/5.0% HA-g-PEG 2000 composite (Figures 12(g)-12 (i)), the formation of a thick apatite multilayer was observed. e apatite particles had a characteristic cauli ower-like morphology and they formed long, parallel rows. e most non-homogeneous microstructure of apatite was observed for POM/5.0% HA-g-PEG 6000. e apatite crystals di ered in size and were not evenly deployed on the composite surface. e addition of HA-g-PEG strongly improved apatite formation on the POM/HA-g-PEG composites along with an increase in the molar mass of PEG; however, the formed apatite became less stoichiometric. POM degradation during processing was observed even for 10 wt. % of HA. As it can be seen incorporation of such relatively large amount of HA leads to signi cant improvement of POM bioactivity via formation of continuous layer of apatites.
e Ca/P ratio (wt.% and at.%) of formed apatite layers was determined using EDX analysis and correlated in Table 5 .
Results show that for pure POM (Figures 12(a)-12(c) ) a single, discontinuous layer of apatite was formed on the POM surface. Well-formed, spherical microcrystallites of apatite, 
Conclusions
In this work, three di erent HA-g-PEG hybrid llers, made from PEG with a molar mass of 600, 2000, or 6000 that was gra ed on the HA surface using HDI as a coupling agent, were successfully introduced into POM matrix by melt processing methods. e highest increase in melting point and crystallinity was detected for POM/1.0% HA-g-PEG 600, which suggests that HA-g-PEG ller acts as a nucleating agent in POM. For a higher concentration of HA-g-PEG (5%) the POM crystallization process is disturbed, and a strong recrystallization e ect is observed. Changes in the crystallinity of POM-based composites transfer to fractional decreases in the mechanical properties of these materials, such as (tensile strength, elongation at break, and Young's modulus). However, no phase shi in the XRD spectra of POM/HA-g-PEG composites in comparison to pure POM suggests that HA-g-PEG additive does not alter the hexagonal form of POM crystallites. e in vitro studies proved that incorporation of HA-g-PEG to a POM matrix improved bioactivity of the POM composites along with a PEG molar mass increase. Moreover, both the POM matrix and HA-g-PEG additive indicate very good in vitro chemical stability. Schi 's test con rmed the very low level of formaldehyde released from all POM/HA-g-PEG
In Vitro Chemical Stability of POM/HA-g-PEG 600
Composites during a 3-month Incubation. e in vitro chemical stability of POM/HA-g-PEG 600 composites was assessed by measurement of changes in pH and conductivity of PBS and Ringer's uid during a three-month incubation at 37°C. Figure 13 shows that there were no signi cant changes in pH for both solutions; a minor decrease in the conductivity was detected. Samples containing 2.5%, 5.0% and even 10.0% of HA-g-PEG additives showed similar behaviour to unmodi ed POM. Moreover, the mass of all samples (Table 6) , before and a er incubation remained practically unchanged. ese observations proved that both the POM matrix and HA-g-PEG 600 additive show good in vitro stability.
Schi Test Results for Formaldehyde Release from POM/ HA-g-PEG 600
Composites. A four-week dynamic incubation (37ºC, distilled water) was conducted in order to assess the amount of formaldehyde released from POM/HA-g-PEG 600 composites in the Schi test. Formaldehyde presence in the ltrates a er 1, 21, and 28 days was determined using Schi 's reagent and the results are shown in Figure 14 .
A er one day of incubation of POM/HA-g-PEG 600 samples, there were no visible changes in the shade of pink in ltrates from composites containing di erent amount of HA-g-PEG 600. Furthermore, a er 21 days of incubation, the colour of ltrates from samples containing 5.0% and 10.0% of HA-g-PEG 600 was nearly transparent. is indicates that the concentration of formaldehyde in these ltrates was less than 3 ppm. Moreover, it proved that incorporation of HA-g-PEG 
